Objective: Thoracic endovascular aortic repair (TEVAR) has become standard treatment of complicated type B aortic dissections (TBADs). Whereas adequate proximal seal is a fundamental requisite for TEVAR, what constitutes "adequate" in dissections and its impact on outcomes remain unclear. The goal of this study was to describe the proximal seal zone achieved with associated clinical outcomes and aortic remodeling.
Thoracic endovascular aortic repair (TEVAR) has become the first-line therapy for complicated type B aortic dissections (TBADs), with improved outcomes compared with open repair. 1, 2 In uncomplicated TBAD, TEVAR has been shown to result in lower aorta-related mortality and aneurysmal degeneration compared with medical therapy alone. [3] [4] [5] These improved outcomes after TEVAR are attributed to redirection of blood flow from the false to true lumen. Successful coverage of the primary entry tear and the ensuing hemodynamic changes result in true lumen expansion, false lumen regression, and false lumen thrombosis as well as stabilization of the stented aortic segment. 3, [6] [7] [8] [9] Despite these benefits, one of the most devastating complications of TEVAR for TBAD is retrograde type A dissection (RTAD). Although some have advocated avoidance of excessive oversizing and balloon molding as strategies to reduce the risk of RTAD, detailed anatomic assessment of the proximal seal zone in the context of RTAD development is lacking. 10, 11 A proximal seal zone in a healthy aortic segment of at least 2 cm in length is recommended in TEVAR for other aortic diseases. In TBADs, however, proximity of the primary entry tear to the origin of the left subclavian artery can make this strict requirement difficult to achieve without coverage of one or more aortic arch branch vessels. Furthermore, proximal extension of intramural hematoma (IMH) involving the distal aortic arch is commonly encountered. These anatomic features can pose a dilemma for treating physicians. The risk of compromising the proximal seal length should be weighed against the additional risks associated with aortic arch branch revascularization procedures, such as debranching to create a longer seal zone. To date, there are limited published data of the impact of the proximal seal zone length achieved during TEVAR for TBAD on the incidence of perioperative complications as well as subsequent aortic remodeling. The primary aim of our study was to evaluate the association between the proximal seal zone length and clinical outcomes of the patients undergoing TEVAR for TBAD. Second, by providing a detailed anatomic description of the aortic arch and spacing of its branches in TBAD, we aimed to assess the length of IMH-free aorta available to serve as the proximal seal zone with and without arch branch coverage.
METHODS
Patients. A retrospective review was performed of 89 consecutive patients who underwent TEVAR for TBADs from May 2006 to June 2016 at a single institution. Eighteen patients were excluded for inadequate preoperative or postoperative imaging, leaving 71 patients for analysis. Demographic information and comorbidities were collected from the electronic medical record. TEVAR was offered to patients with complicated TBAD and those with 48 hours or more of pain despite optimal blood pressure control or refractory to pain medications.
Preoperative anatomy. Computed tomography (CT) images were reconstructed on a dedicated threedimensional image processing station using OsiriX MD version 8.0 (Pixmeo, Bernex, Switzerland). Volumetric analysis was performed using Vitrea Core, version 6.7.4 (Vital Images, Minnetonka, Minn). Preoperative CT images were used to identify locations of aortic arch vessels, primary entry tear location, and extent of IMH on presentation. The distance between the aortic arch branch vessels was measured between the distal edges of the vessel origins. The location of the primary entry tear was measured from the distal edge of the left subclavian origin. Similarly, the proximal extent of the IMH was measured from the distal edge of the left subclavian origin (Fig 1, A) . In cases in which the IMH extends proximal to the left subclavian, a negative value was assigned to the distance measurement (Fig 1, B) . Aortic arch types (I, II, III) were classified on multiplanar reconstruction. 12 TEVAR procedure. Lumbar drains were placed preoperatively in all nonemergent cases. Stent graft placement was performed through either open or percutaneous bilateral femoral access. For percutaneous procedures, two ProGlide percutaneous closure devices (Abbott Vascular, Abbott Park, Ill) were deployed perpendicular to each other, as described in the preclose technique. 13 Both intravascular ultrasound (IVUS) and transesophageal echocardiography were used in the majority of cases. IVUS was used for confirmation of true lumen cannulation, identification of the proximal entry tear, and measurement of the proximal seal zone diameters. IVUS-measured proximal seal zone diameters were used to confirm stent graft sizing. Transesophageal echocardiography was used to monitor intraoperative cardiac function and fluid status as well as to detect retrograde dissection after stent graft deployment. All TEVARs were performed jointly by vascular surgeons and cardiothoracic surgeons. Four vascular surgeons and three cardiothoracic surgeons performed all the cases. The operating surgeon's preference determined the device choice. In all cases, the primary goal of TEVAR was to cover the proximal entry tear. The decision to place additional distal stent grafts was individualized according to the presence of additional distal septal tears within the thoracic aorta and the indication for TEVAR. Similarly, the decision to perform debranching and the type of adjunctive aortic arch vessel debranching were at the discretion of the operating surgeon as there were no standardized criteria for debranching. This was partly because of the Postoperative anatomy and aortic remodeling. Postoperative CT images were used to assess the proximal stent graft seal zone, with the left subclavian as the reference point. Location of the leading edge of the stent graft was noted as the distance from the left subclavian origin. The proximal seal length was calculated by subtracting the leading edge of the stent graft location from the primary entry tear location, both measured with the left subclavian origin as the reference point. Patients were categorized into two groups: those with the proximal extent of the seal zone in IMH-free aorta (group A) and those whose proximal seal zone did not incorporate any IMH-free aorta (proximal seal zone was composed entirely of IMH or dissected aorta; group B; Fig 2; Table I ).
ARTICLE HIGHLIGHTS
Aortic remodeling was assessed on serial follow-up CT scans. Volumetric analysis was performed on the descending thoracic aorta, whose borders were defined as the left subclavian artery origin proximally and the celiac artery origin distally. Relative volume changes were compared with baseline preoperative measurements.
Statistical analysis. The primary outcome was the development of RTAD. Clinical outcomes such as morbidities, reinterventions, and death were recorded. Aortic remodeling was indicated by volume changes of true and false lumens of the thoracic aorta on serial postoperative imaging. Categorical variables were compared using c 2 or Fisher exact test. Continuous variables were compared using Student t-test. Mann-Whitney U test was used for nonparametric comparisons of median distance measurements. Kaplan-Meier survival analysis and log-rank test were used to compare the survival curves of different seal zone groups. All statistical analysis was done with SPSS version 23 (IBM Corp, Armonk, NY). This study was approved by our Institutional Review Board. Consent of the patients was waived because of the retrospective nature of the study.
RESULTS
Patient characteristics and arch anatomy. Baseline characteristics of the two groups were similar, except more female patients were in group B (Table I) . Indications for TEVAR are listed in Table II . All patients who presented with malperfusion were in the acute phase of dissection. Fifteen of 17 patients (88%) with aneurysmal degeneration presented in the chronic phase. The other indications included recanalization of IMH, interval development of penetrating aortic ulcers, and worsening chest pain and dyspnea. There was no difference in TEVAR indications or chronicity of TBAD between the seal zone groups.
Assessment of the aortic arch anatomy on presentation showed that the primary entry tear was a median of 35.6 mm distal to the left subclavian artery (Table III) . Despite this distance, proximal extension of IMH was common, with the median distance between the distal origin of the left subclavian artery and the proximal extent of IMH of 0 mm (mean, 4.5 mm). IMH extension up to or proximal to the left subclavian artery origin was seen in 50 (70%) patients. Overall, the aortic arch vessels were closely spaced in this cohort, with the median distance between the distal walls of the innominate and the left subclavian arteries of 24.8 mm (range, 8-46.6 mm). The left common carotid was 8.7 mm (range, 0-16.6 mm) distal to the innominate artery. Bovine arch anatomy was seen in 18 (25.4%) patients.
The mean diameter of the ascending aorta was 33.7 mm (group A, 36 mm; group B, 37.1 mm). The mean diameter at the landing zone was 30.4 mm (group A, 31.5 mm; group B, 29.5 mm).
Operative details. Aortic arch vessels were pre-emptively debranched in 17 patients. This was performed to create more seal zone. The anatomic threshold and the configuration of debranching were at the discretion of the operating surgeons. Sixteen were carotid-subclavian bypass or transposition, and one patient received total arch debranching through median sternotomy. Transposition was preferentially performed when there were no absolute contraindications. Outside of emergent indications, the left subclavian artery was revascularized. These were performed either staged before the TEVAR (43.8%) or at the same setting (56.2%). Fifty-four patients underwent no debranching. The left subclavian artery was intentionally covered in 15 (21%) patients after the debranching procedure. One patient received a left carotid-subclavian artery bypass 1 month after TEVAR for left arm ischemia. One patient underwent a left common carotid snorkel stenting after the aortic stent graft incorrectly deployed, resulting in coverage of the left common carotid artery.
Of 71 patients included in the study, proximal seal zone in IMH-free aorta was achieved in 26 (37%) patients (group A). In the remaining 45 patients, the proximal seal zone did not incorporate any IMH-free aorta (group Fig 2. A, Group A; the arrow points to proximal seal zone in normal aorta. B, Group B; the arrow points to proximal seal zone in intramural hematoma (IMH). Values are reported as number (%). B). In group A (IMH-free seal zone), the mean length of IMH-free aorta incorporated in the proximal seal zone was 14.9 mm. TEVAR procedural details were not different between the two seal zone groups (Table IV) . The Gore TAG/ conformable TAGs (W. L. Gore & Associates, Flagstaff, Ariz) were used in 46 patients, Cook TX2 in 20 patients (Cook, Bloomington, Ind), Cook Alpha in 2 patients, and Medtronic Valiant (Medtronic Vascular, Santa Rosa, Calif) in 3 patients. There was no difference in the stent grafts used between the two seal zone groups (Table V) .
Clinical outcomes. RTADs were confirmed in two patients who subsequently underwent successful open repair. In both cases, no proximal balloon molding was performed, and the stent grafts were oversized by 11% and 14%. Indications for operation were aneurysmal degeneration and persistent chest pain with pulmonary insufficiency. In addition, RTAD was suspected in one patient who became suddenly unresponsive 126 days after TEVAR for dissection with contained rupture. During cardiopulmonary resuscitation, bilateral chest tubes were placed with immediate return of a large amount of fresh blood, after which the patient died. Autopsy was not obtained. All three patients had proximal seal zone consisting entirely of IMH (group B) and had received TEVAR distal to the left subclavian artery in the acute phase of dissection. There was no RTAD in seal zone group A; however, this difference did not reach statistical significance (P ¼ .294). Comparing those with RTAD and those without, there was no difference in the maximum size of the ascending aorta (P ¼ .52) or the seal zone diameter (P ¼ .36). Two of the three RTADs had IMH proximal to the left subclavian artery; one of the confirmed RTADs that underwent open ascending repair had normal aorta distal to the left subclavian. Given that no RTADs occurred in patients with chronic dissections, analysis of just those with acute or subacute (<3 months) dissections was performed, leaving 15 patients in group A and 36 patients in group B. Three of the 36 patients (8.3%) in group B experienced RTAD (P ¼ .546). Arch types were not different between the seal zone groups (P ¼ .898). Two patients with type II arches and one with type III arch experienced RTAD; none with type I arches had this complication, but this was not statistically significant (P ¼ .512).
Other complications included myocardial infarction (2), respiratory failure requiring intubation (4), renal failure (4), mesenteric ischemia (3), spinal cord ischemia (2), aortic rupture (1), and access site complications (3). These arose in 18 patients (25.3%). There was no significant difference between the two groups, with five (19.2%) patients in group A and 13 (28.9%) in group B (P ¼ .412; Table VI ).
There were three deaths, one of which was the suspected RTAD. The second patient died of grand mal seizures without stroke or intracranial hemorrhage 1 month after TEVAR. The third patient died 2 years postoperatively of unknown cause outside the hospital. This yielded an overall survival of 93% at 24 months of follow-up. The overall survival was not different between the seal zone groups. Two patients experienced spinal cord ischemia. The first patient had a prior aortobi-iliac bypass graft done at an outside hospital. Aortography revealed that the graft was sewn to the false lumen, for which the patient subsequently underwent open fenestration of the visceral aorta followed by TEVAR for aneurysmal degeneration with preoperative lumbar drain placement. On postoperative day 1, the patient developed lower extremity weakness and was found to have an occluded infrarenal graft and received an axillary-bifemoral bypass; however, the patient did not regain baseline neurologic function.
The second patient presented with malperfusion to both lower extremities with weakness and underwent urgent axillary-bifemoral bypass with fasciotomies with resolution of weakness. Because of persistent chest pain, the patient underwent TEVAR with preoperative lumbar drain, which was removed on postoperative day 2. He remained neurologically intact until postoperative day 7, when he underwent closure of his fasciotomy sites and was found to have bilateral lower extremity paralysis. Intraoperative mean arterial pressures were mainly 65 to (Fig 1 for clarification) .
70 mm Hg. The lumbar drain was replaced; however, magnetic resonance imaging revealed spinal cord infarct. During the study period, a total of 20 (28%) patients required reinterventions, 18 of which were aorta-related reinterventions. Two patients underwent emergent type A dissection repairs for RTAD after TEVAR. Four proximal and three distal TEVAR extensions were performed for stent-induced new entry tears or persistent false lumen perfusion. Two patients received left subclavian-carotid transpositions for arm ischemia. One patient had coiling of the left subclavian artery to treat endoleak. Two axillary-bifemoral bypasses were performed for lower extremity ischemia. One patient required covered stent placement in the external iliac artery for persistent dissection and aneurysmal degeneration. Three were performed for access site complications. Of the nonaorta-related reinterventions, one exploratory laparotomy was performed for small bowel obstruction and revision of mesenteric debranching, and one patient underwent thoracoscopic drainage of loculated hemothorax. Overall reintervention-free survival was 67% at 24 months, and there was no statistically significant difference between the two seal zone groups (Fig 3) . In all cases, the indication for operation was resolved by the procedure during the initial hospital stay.
Aortic remodeling. Favorable aortic remodeling was demonstrated by true lumen expansion and false lumen regression, as demonstrated by changes in volume. Overall, aortic remodeling was similar between the seal zone groups during the follow-up period. At 24-month follow-up, groups A and B experienced true lumen expansion of 277% and 159%, respectively (Fig 4, A) , and false lumen regression of 98% and 49%, respectively (Fig 4, B) . There was no statistically significant difference between the two groups. Complete false lumen thrombosis of the stented thoracic aorta was seen in 33 (46%) of the entire cohort, consisting of 11 (42.3%) patients in group A and 22 (48.9%) patients in group B. The rate of complete false lumen thrombosis was similar between the seal zone groups (P ¼ .629).
Adjunctive aortic arch debranching needed to achieve 2-cm IMH-free proximal seal zone. Based on preoperative anatomy, 12 (16.9%) patients had enough IMH-free aorta between the left subclavian and the tear to achieve 2-cm proximal seal zone by landing the stent graft distal to the left subclavian artery. In 15 (21.1%) patients, left subclavian artery coverage alone would have achieved 2-cm IMH-free seal. Left common carotid artery coverage would have been required in 13 (18.3%) and coverage of the innominate artery in 31 (43.7%) patients (Table VII) .
More liberal proximal seal zone requirement would increase the number of patients who can be treated without debranching; however, this number remained a minority. To achieve a 1-cm IMH-free seal, only 17 (23.9%) patients would not have required any debranching; 28 (39.4%) would have required left subclavian artery debranching, 14 (19.7%) left subclavian-left common carotid artery debranching, and 12 (16.9%) complete Categorical variables are presented as number (%). Continuous variables are presented as mean 6 standard deviation. arch debranching. Of those 31 patients who would have required complete arch debranching to achieve 2 cm of seal, 6 would achieve a 1-to 1.9-cm seal with only left subclavian artery debranching.
DISCUSSION
Performance of TEVARs in thoracic aortic aneurysms is predicated on at least 2-cm seal zone in the healthy aorta. Whereas this represents an ideal proximal seal zone, our analysis of aortic arch anatomy in TBADs suggests that this strict requirement would render only 12% of patients suitable for TEVAR without arch branch coverage. The remainder of the patients would have required at least one arch branch vessel to be covered. Most strikingly, 44% would have required innominate artery coverage, potentially requiring a total aortic arch debranching through median sternotomy. This endeavor carries substantial additional risks, particularly during the acute phase of aortic dissection. Complications from hybrid aortic arch repair have been well documented: stroke rates ranging from 6.3% to 13.1%, in-hospital and 30-day mortality rates of 9% to 23.7%, and renal failure requiring hemodialysis in 7.9% to 11% of patients. [14] [15] [16] With 88% of cases requiring arch branch coverage to achieve 2 cm of IMH-free proximal seal zone, our data suggest that this ideal seal zone is seldom achieved in real practice. The majority of our patients (68%) had the proximal seal zone entirely in the aortic segment affected by IMH. The overall incidence of RTAD after TEVAR for TBAD in our cohort was 3.6% (three patients). Although this incidence falls within the range of 1.33% to 5% reported in the literature, 9, 10, 17, 18 we note that all cases of RTAD occurred in patients whose proximal seal zones were entirely in IMH. Between the seal zone groups, RTAD occurred in 6.7% of those whose seal zone was within IMH, whereas no RTAD occurred after achieving proximal extent of seal zone within IMH-free healthy aortic walls. In addition, in all three patients with RTAD, Fig 3. A, Reintervention-free survival (P ¼ .22). B, Overall survival (P ¼ .226). C, Freedom from aorta-related mortality (P ¼ .429).
TEVAR was performed in the acute phase of dissection. This is consistent with the results from the VIRTUE Registry showing that the risk of perioperative mortality appears to be higher in the acute compared with the subacute and chronic phases of aortic dissections. 9 As such, general endovascular principles of achieving seal in a healthy aortic segment may be of even greater importance in the acute phase of aortic dissection. Therefore, the convenience of sealing entirely within IMH should be carefully considered in the context of potentially higher risk of RTAD, especially during the acute phase. Furthermore, the risks of RTAD after TEVAR must be considered against the indication for intervention, especially when the disease-free proximal seal zone is difficult to achieve. Aortic remodeling was demonstrated by true lumen expansion and false lumen regression. This has been used as a marker of long-term success in the literature, and the ability of TEVAR to induce these changes may be more pronounced in the acute and subacute settings compared with chronic. 3, 9, 19 Aortic remodeling and false lumen thrombosis have also been shown to be associated with freedom from major adverse events and aortic mortality. 7, 20 Our data showed no difference between the seal zone groups with respect to aortic remodeling, complications, and midterm survival. This suggests that once coverage of the primary entry tear is safely achieved, the ensuing hemodynamic changes in the stented aorta are similar regardless of the proximal seal zone. The presence of IMH and the length of healthy aortic segment within the proximal seal zone do not appear to have an impact on the gradual remodeling of the downstream aorta. The advent of arch branched and fenestrated stent grafts enables preservation of arch branch vessels while achieving more proximal seal zone. This may obviate the need for open debranching. Nevertheless, the importance of an adequate proximal seal zone during TEVAR for aortic dissections still remains. At this time, arch branched and fenestrated stent grafts are investigational in the United States, and their safety and efficacy in aortic dissections remain to be determined.
Limitations of this study include its retrospective nature and small number of RTADs, limiting statistical power. In addition, the different devices determined by the surgeon's preference as well as the lack of standardized criteria for debranching may limit generalizability. However, this limitation regarding TEVAR in aortic dissections reflects the current status of our clinical practice and was the initial motivation behind this study. In our regional aortic center, patients are frequently transferred from outside hospitals in remote areas. This made follow-up difficult in certain cases as evidenced by the rapid drop-off in follow-up after 2 years. Furthermore, there may be some referral bias toward more challenging anatomy, as other vascular specialists often requested the transfer. Notwithstanding that this referral bias may be partially responsible for the high rate of IMH extension proximal to the entry tear, we think that our experience represents what can be expected at a major regional aortic center with similar referral pattern.
CONCLUSIONS
Achieving a full 2 cm of IMH-free proximal seal zone during TEVAR for TBAD would often require extensive arch branch coverage. Failure to achieve any IMH-free proximal seal zone may be associated with higher incidence of RTAD. The length and quality of the proximal seal zone did not affect the subsequent aortic remodeling after TEVAR. 
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